We have raised a mouse monoclonal antibody that reacts specifically with the myocytes of the sinoatrial node of the bovine heart. By use of this antibody (445-6E10) and antibodies against the gap junction protein connexin43, the periphery of the sinoatrial node and the distribution of gap junctions in the nodal region were studied. The reaction patterns of 445-6E10 and anti-connexin43 are exactly complementary; ie, connexin43 was not detected in the nodal myocytes but was clearly present in the atrial myocytes. Both reaction patterns demonstrate that nodal myocytes and atrial myocytes can unambiguously be distinguished by their characteristic molecular phenotype. The transitional nodal myocytes at the periphery of the node that have intermediate morphological and electrophysiological characteristics could now clearly be defined as nodal by our immunohistochemical criteria. The center of the node is surrounded by a region of interdigitating nodal and atrial bundles. Nodal bundles, coming from the center of the node, penetrate the atrial myocardium aligned at atrial bundles, forming histological connections between nodal and atrial myocytes at regular distances. This interdigitating arrangement of bundles of connexin43-negative nodal and connexin43-positive atrial myocytes is also found in the human and rat heart. We hypothesize that the architecture of the periphery of the node is important to prevent silencing of the pacemaking nodal myocytes by the atrium while ensuring a sufficient source loading of the nodal myocytes. (Circulation Research 1993;73:473-481) KEY WoRDs * conduction system * morphology * gap junction * heart * sinoatrial node T he sinoatrial node (SAN), the primary pacemaker of the heart, is located at the junction of the superior caval vein and the right atrium. It has been proposed that a weak electrical coupling of myocytes within the SAN is essential for their pacemaking function and that a gradient in electrical coupling toward the well-coupled atrial myocardium is necessary for driving the atrium.6 Indeed, electron microscopic studies have revealed that gap junctions, which are held responsible for
T he sinoatrial node (SAN), the primary pacemaker of the heart, is located at the junction of the superior caval vein and the right atrium.1-4 The center of the SAN is easily recognizable and consists of small (4 to 6 gim) myocytes arranged in cell rows that frequently anastomose and comprises dense connective tissue, nerve fibers, and capillaries. The myocytes contain only sparse myofibrils5 and, hence, show no cross striation. The atrial myocytes are bigger, having a diameter of 15 to 20 gim, and their cytoplasm is occupied by well-organized myofibrils. Going from the center of the SAN toward the atrium, transitional nodal myocytes are described as having morphological and electrophysiological properties intermediate to that of typical nodal and typical atrial myocytes. 25 The presence of these transitional nodal cells makes the exact borderline of the SAN a point of discussion.
It has been proposed that a weak electrical coupling of myocytes within the SAN is essential for their pacemaking function and that a gradient in electrical coupling toward the well-coupled atrial myocardium is necessary for driving the atrium. 6 Indeed, electron microscopic studies have revealed that gap junctions, which are held responsible for the electrical coupling of myocytes,7 are scarce and small in the SAN but abundant in the atrium.289 At the light microscopic level, using antibodies against the cardiac gap junction protein connexin43, we could not detect gap junctions in the SAN of the rat heart immunohistochemically.10 Only with the more sensitive scanning laser confocal microscope has some immunohistochemical labeling of the gap junction protein connexin43 in the SAN been reported. 11, 12 The structural basis for the hypothetical gradient in resistivity has not yet been identified. It is suggested that this gradient is the result of a gradual increase in the number of gap junctions per myocyte toward the periphery of the node.613 However, to verify this point, suitable molecular markers for nodal myocytes are required.
In the present study, we used a monoclonal antibody that reacts specifically with the myocytes of the bovine conduction system and not with ordinary atrial and ventricular myocytes (see also Reference 14, our accompanying article in this issue of Circulation Research) to delineate the SAN of the bovine heart. The spatial distribution of gap junctions, using antibodies against the cardiac gap junction protein connexin43, was simultaneously studied and compared with that in the human and rat heart. DAKO) , and ,B-myosin heavy chain (210 kD23-26) to be used as molecular weight markers. The incubations were followed by rabbit-anti-mouse immunoglobulin (noncommercial), goat-anti-rabbit immunoglobulin (noncommercial), and a rabbit peroxidaseanti-peroxidase complex (Nordic), successively. Antibody reaction was visualized using 3,3'-diaminobenzidine.
Immunohistochemical Study of the Sinoatrial Node
Tissue preparationfor sections. Four normal adult human hearts were obtained after autopsy at the Academical Medical Center of Amsterdam and at the Postgraduate Medical School in Budapest, Hungary. Five bovine hearts were collected from the slaughterhouse. Adult Wistar albino rats were purchased from the CPC Animal Farm, Austerlitz, The Netherlands. To isolate the SAN of human and bovine hearts, the ventral part of the junction of the superior caval vein and right atrial appendage was dissected (Fig 4, a) and sectioned perpendicular to the wall of the superior caval vein, parallel to the blood flow. Rat hearts were sectioned in their entirety.
The tissue blocks were fixed in a mixture of methanol, acetone, acetic acid, and water (7 proved to be specific for the conduction system of the bovine heart and was used to identify the myocytes of the SAN in the bovine heart. Gap junctions were identified using rabbit antibodies that are directed against the synthetic peptides representing amino acid position 314-32227 or amino acid position 302-319 of the rat connexin43 molecule. Immunohistochemistry. Binding of the antibodies was visualized by the unconjugated peroxidase-anti-peroxidase technique, using 3,3'-diaminobenzidine, essentially according to Sternberger.28 To enhance the immunoreactivity for 445-6E10, sections were, after deparaffination and rehydration, treated for 15 minutes with pronase E (0.4 nU/mL PBS, Merck) at room temperature, according to Christensen and Strange. 29 Three-dimensional reconstructions. By use of a projection microscope, the contours of the SAN in the bovine heart, as identified by the staining pattern of 445-6E10, were magnified 16 to 40 times and drawn on acetate sheets. In the rat heart, the myocardial area at the junction of the superior caval vein that did not stain for connexin43 was reconstructed. Furthermore, the contours of the atrial myocardium were drawn, and the sheets were stacked at a proper spacing.
Subsequently, computer reconstructions were made by input of the contours and two reference points into a three-dimensional reconstruction data base with the help of a Summagraphics BITPAD 2 digitizer tablet.30 By use of an Olivetti AT personal computer, three-dimensional reconstruction data bases were calculated. The reconstructed structures could be observed on a 14-inch color monitor at almost any desired rotation angle. Color prints were made with an IBM-3852-2 ink-jet printer. Both the computer reconstructions and the acetate sheets were used by a medical artist to make schematic drawings.
Results

Characterization of the Staining Specificity of the Antibodies
Antibodies against myosin heavy chain isoforms. Antimyosin heavy chain antibodies are convenient tools to identify myocytes in cardiac tissue sections. In the bovine, human, and rat heart, the anti-a-myosin heavy chain antibodies used reacted with the atrial myocytes (including those of the SAN) homogeneously. In the bovine and human heart, anti-,3-myosin heavy chain antibodies react with most atrial myocytes, including those of the SAN. In the rat heart, however, f3-MHC is not expressed in the atrial myocardium. The staining patterns observed in this study agree with those found in earlier studies.10,2531-33 The anti-myosin heavy chain antibodies were therefore used to confirm the identity of putative myocardial cells. Antibodies against connexin43. In longitudinally sectioned myocytes of the ordinary myocardium of the rat,'0 human (Fig 1, a) , and cow (Fig 1, b) , both antibodies against connexin43 reveal a localized punctate staining pattern at the position of the intercalated disks. In addition, connexin43 can be detected at the lateral sides of the myocytes, albeit to a lesser extent (Fig 1, a and b ; arrows). This distribution was described as being typical for myocardial gap junctions34 and shows that specific gap junction labeling is achieved and that the epitopes to which the antibodies are directed are conserved in the rat, human, and cow.
Antibody against the bovine conduction system. Antibody 445-6E10 was selected for its specific and homogeneous staining of the cytoplasm of the Purkinje fibers of the ventricular conduction system of the bovine heart (see Fig. 1, d , and accompanying article14). In addition, homogeneous cytoplasmic staining of the myocytes of the central part of the SAN, which can be identified morphologically because of their small size and poor organization of myofibrils, is found, showing that nodal cells share some specific phenotypic properties with the ventricular Purkinje cells. The cytoplasm of transitional nodal cells in the periphery of the SAN, which are bigger than the nodal myocytes but smaller than those of the atrium, is also stained by 445-6E10. Interestingly, some binding of 445-6E10 is also detectable in the intercalated disks of the ordinary myocardium (Fig 4, c  and d ) and in the smooth muscle cells of the arteries (Fig 3, a) .
Western blotting. On Western blots, antibody 445-6E10 reacts with a protein band at 55 kD and, to a lesser extent, with a protein band at 50 kD in a purified extract of the false tendons (Fig 2) .
Sinoatrial Node of Bovine Heart
Comparison of the staining pattern of the SAN area by antibody 445-6E10 and the anti-connexin43 antibod- ies shows that these patterns are complementary (compare panels b, d, and f with panels c, e, and g in Fig 3) . Thus, all nodal cells, both the central nodal cells and the transitional nodal cells, are stained by antibody 445-6E10 but not by the anti-connexin43 antibodies. By contrast, antibody 445-6E10 does not bind in the cytoplasm of directly neighboring ordinary myocytes at the side of the superior caval vein and in the atrium, where connexin43 is abundantly present in the intercalated disks.
The SAN of the bovine heart is situated at the ventral (anterior) part of the junction between the superior caval vein and the right atrium (Figs 3 and 4) . The central part of the node is sandwiched between the endocardium and the epicardium and is composed of small myocytes, loosely arranged in connective tissue. This connective tissue is contiguous with the epicardium and is abundantly present at that side of the node. Nerves and arteries can be found in the central part of the SAN. A central nodal artery is not characteristic of the bovine SAN.35 Rather, several vessel branches are found, predominantly in the subepicardial wing of the node.
In the superior (caval) and especially in the inferior (atrial) periphery of the node, tapering strands of nodal cells interdigitate with and penetrate into strands of atrial myocardium ( Figs 3 and 4, (Figs 3, a, and 4, b) . The more than 1 mm. Strings with a thickness of one or two intermingling is most extensive in the inferior (atrial) wing myocytes ramify from these nodal bundles and encircle of the node. the atrial bundles. Connective tissue is present between A reconstruction of a group of myocytes in the mixed the nodal and atrial myocytes, and only at regular zone (Fig 4, e) Bar=-mm (a) or 100 gm (b through e). Connexin43 was not detected in the nodal myocytes but was clearly visible in the intercalated disks of the atrial myocytes. In the direction of the superior caval vein (SCV) and atrium (A), bundles of connexin43-negative and -positive myocytes are intermingled (e). Toward the epicardium (EPI) and endocardium (END), the border between connexin43-expressing myocytes and nonexpressing myocytes is abrupt (c).
logical connections can be recognized (Fig 4, c and d 
Sinoatrial Node of Human Heart
Antibody 445-6E10 does not react in the human conduction system. Based on morphological criteria, it can be concluded that the position and topographic relations of the human SAN resemble that described for the bovine node (for an elaborate reconstruction of the human node, see Reference 36) . The center of the human SAN is composed of small myocytes embedded in abundant connective tissue and arranged around the characteristic central nodal artery (Fig 5, a) . Wings of the node extend subepicardially toward the superior caval vein and subendocardially toward the atrial myocardium. In these wings, a gradual increase in nodal cell size and a gradual decrease of connective tissue toward the periphery of the node are observed. In the direction of the epicardium and the endocardium, the cells of the SAN are separated from those of the atrium by dense connective tissue, comparable to the situation in the bovine heart. In the human SAN, an abrupt change in size of the myocytes is found (Fig 5, b and c) .
Similar to the nodal myocytes of the bovine heart, the small myocytes of the central part of the SAN do not reveal reaction with anti-connexin43 (Fig 5, c and e) . In the direction of the superior caval vein and atrium, a mixture of bundles of myocytes that are negative or positive for connexin43 is present (Fig 5, e) . Toward the epicardium and the endocardium, the connexin43-negative myocytes are separated by dense connective tissue from the connexin43-positive myocytes (Fig 5, c) .
Sinoatrial Node of Rat Heart
Also in the rat heart, a specific reaction of antibody 445-6E10 is not found in the SAN. But the SAN of the rat heart is characterized by an absence of staining with anti-connexin43. The boundary between the nonstained nodal area and the stained ordinary myocardium is abrupt (Fig 6, b ; compare with Reference 10), allowing an accurate three-dimensional reconstruction of the nodal area (Fig 6, c) . The node occupies, as a horseshoe-shaped region, the anterior and lateral part of the junction between the superior caval vein and right atrium and continues along the crista terminalis in the smooth-walled part of the right atrium. The superior part of the node, ie, the part that surrounds the atriocaval junction, occupies the entire wall thickness between the epicardium and endocardium (Fig 6, a and  b) . The inferior "spur of the node gradually tapers off and is surrounded both subepicardially and subendocardially with ordinary myocardial cells (not shown).
Discussion
Immunohistochemical Marker of the Conduction System
We have raised a monoclonal antibody (445-6E10) that reacts specifically with the SAN and the ventricular part of the bovine conduction system (see also accompanying article'4). In literature, specific immunohistochemical properties that distinguish myocytes of the SAN from those of the surrounding myocardium are reported. These include a differential expression of isoforms of creatine kinase3738 and of myosin heavy chains26,3940 and a differential expression of atrial natriuretic peptide4' and Na ,K+-ATPase. 42 Although these markers are helpful in localization of the nodal area, unfortunately they do not identify all individual nodal myocytes. Therefore, the reaction pattern of antibody 445-6E10 is very useful in delineating the exact boundary of the node.
Antibody 445-6E10 recognizes a protein of 55 kD. Also, Thornell and coworkers43 -45 have described a protein of 55 kD that is specific for the Purkinje fibers of the bovine heart, which appeared to be a desmin isoform. Whether antibody 445-6E10 also reacts with a desmin isoform has yet to be elucidated.
The cytoplasmic expression of the antigen, recognized by antibody 445-6E10, and the expression of connexin43 in the nodal area were mutually exclusive and exactly complementary. There is remarkably good agreement between the topographic boundaries of the SAN based on these two structural specific cell markers and the descriptions that are based on classical general staining methods,36,46,47 indicating a biologically relevant demarcation of the SAN with both antibodies. Literature data5,48,49 and also our morphological findings demonstrate the presence of transitional nodal myocytes. Interestingly, when immunohistochemical staining methods are used, the nodal myocytes (including the transitional nodal myocytes) can be differentiated unambiguously from atrial myocytes. This demonstrates that nodal and atrial myocytes constitute two distinct populations of myocytes, each with its own characteristic phenotype.
Architecture of the Sinoatrial Node
Because we have obtained a specific antibody for the conduction system in the bovine heart, the periphery of the node could be inventoried best in this animal. We identified tapering strands of connexin43-negative nodal tissue penetrating the atrial myocardium in a large area around the center of the node. This region of parallel alignment of nodal bundles and atrial bundles enlarges the periphery of the node and thus the area of contact between the SAN and the surrounding myocardium enormously. This large contact area suggests that the ratio between the surface area of the node and the mass of the atria is relatively constant, ie, independent of species.
At the periphery of the SAN of both humans and cows, a mixture of connexin43-positive and -negative bundles is present, suggesting that the architecture of the periphery is comparable in these two species. Fin- gerlike strands of nodal fibers that ramify into the atrial myocardium were also discernible with classical histological stains in the superior and inferior parts of the human SAN.36 In fact, the shape of the SAN is the same in the rat heart, although its entire node was found to be comparable to a single tapering strand of the node in the two larger species. The small size of the rat heart, however, enabled us to perform a three-dimensional reconstruction of the entire connexin43 -negative nodal area. This area was in agreement with that found in the literature.46 The posterior-inferior extension of the node agrees with the pacemaker localization in the rabbit and guinea pig.50.51
Expression of Connexin43 in the Sinoatrial Node
The absence of immunologically detectable cellular concentrations of connexin43 in the SAN seems to be a general phenomenon, as it is found in rats, humans, and cows (see Reference 10 and the present study) and in rabbits (authors' manuscript in preparation). Gap junctions have been detected by electron microscopy in the SAN; however, compared with atrial myocytes, these gap junctions are smaller in size and fewer in number,2.8.9 making them below detection level of our immunohistochemical staining methods (see also Reference 10). We cannot exclude the possibility that the gap junctions in the SAN are composed of connexins other than connexin43.5253
The differences in size of the gap junctions are reflected by our immunohistochemical staining patterns. Using a light microscopical approach, we were able to make an overview of regions with small and scarce gap junctions (the SAN) and regions with big and numerous gap junctions (the atrium). The black and white reaction pattern of the antibodies against connexin43 reveals an abrupt increase in the density of gap junctions at the periphery of the SAN. Therefore, we can reject the possibility that a gradual increase in the number of gap junctions from the center of the SAN toward its periphery constitutes the basis for the proposed gradient in resistivity that is essential for the pacemaking function of the SAN.6 However, assuming that the reaction pattern for connexin43 reflects the capacity for electrical cell coupling, the interdigitation of bundles of nodal cells in the surrounding atrial myocardium results in a region of mixed well-coupled and poorly coupled myocytes between the node and the atrium. We assume that this architecture of the periphery of the node is important for prevention of silencing of the pacing nodal myocytes by the much bigger atrium. Furthermore, a sufficient area of coupling to drive the atrium is ensured. However, the relation between these new insights into the architecture of the periphery of the node and the pacemaking function still has to be established by electrophysiological measurements.
